Density fluctuations in I-mode discharges in ASDEX Upgrade are studied. The I-mode specific weakly coherent mode (WCM) appears at the transition from L to I-mode. The WCM but also the turbulence in general are strongly modulated by a low frequency mode which can be related to the geodesic acoustic mode (GAM). The GAM induces an energy transfer away from the central WCM frequency, indicating an underlying instability responsible for the WCM. During the I-mode magnetic fluctuations close to the WCM frequency are intensified, which can be assigned to the geodesic Alfvénic oscillation. The geodesic Alfvénic oscillation is present already in L-mode, does not follow changes of frequency of the WCM, therefore it is not responsible for the WCM.
I. INTRODUCTION
The I-mode [1] typical appears in the unfavorable configuration where the ion ∇B drift is directed away from the X-point. In the unfavorable configuration the Hmode power threshold is about 2 times higher compared to the favorable configuration. The I-mode is an improved energy confinement regime exhibiting an edge energy transport barrier but without an accompanying particle transport barrier. This has several benefits [2] : (i) H-mode like energy confinement (ii) weak degradation of energy confinement with increasing heating power (iii) less accumulation of helium ash due to the lack of the particle transport barrier (iv) absence of ELMs due to the smaller edge pressure gradient compared to H-mode The understanding of the decoupling of heat and particle transport in the I-mode is also valuable for the understanding of the underlying mechanisms controlling transitions to high-energy confinement regimes in general.
Previous works showed that at the transition to the I-mode low frequency broadband fluctuations decrease while simultaneously a weakly coherent mode (WCM) in the density and magnetic fluctuations at high frequencies (f ∼ 100 − 300 kHz) develops [3] . The WCM appears in the electron temperature T e pedestal region (0.95 < r/a < 1.0 in Alcator C-Mod) [2] with a tail towards the pedestal top [4] . Fluctuation levels of the WCM in the density, magnetics and temperature are around n/n ∼ 10-16 %,B/B ∼ 0.01-0.02 % andT e /T e ∼ 1-2 %, respectively [3] [4] [5] . The WCM is thought to be responsible for the regulation of the particle transport and therefore the cause of the L-mode like particle transport in the I-mode. While the WCM appears quite broadband in frequency space it is rather narrow in wavenumber space and has short wavelengths (k θ = 1.3 ± 0.5 cm −1 ) [4] . The WCM propagates in the electron diamagnetic direction in both the laboratory [2] and E × B frame [4] .
In the E × B frame the propagation velocity is roughly a factor three below the electron diamagnetic velocity [4] . The WCM can manifest at low q 95 and low collisionality and promptly disappears at the transition to the H-mode [2] .
The nonlinear analysis in Ref. [4] shows a nonlinear coupling of the geodesic acoustic mode (GAM) and the WCM and also an energy transfer from the WCM into the GAM which constitutes a saturation mechanism for the WCM. Another effect is that the GAM scatters the energy of the central WCM peak by transferring energy below the WCM frequency from higher to lower and above the WCM frequency from lower to higher frequencies. Thereby the GAM is responsible for the broadband feature of the WCM. Indeed such a coupling to a rather lowwavenumber mode as the GAM is necessary to preserve the narrow width in wavenumber of the WCM. Therefore the central frequency peak of WCM is acting as a source of the WCM. A basic conclusion from this is that there must by an underlying instability responsible for the WCM.
Up to now studies of turbulence in I-mode are restricted to Alcator C-Mod. Investigations in different experiments as the present one in ASDEX Upgrade are helpful to elaborate similarities and differences of turbulence in I-mode between Alcator C-Mod and ASDEX Upgrade and which phenomena are I-mode specific in general. FIG. 2: a) Electron density and b) electron temperature profiles at the plasma edge for the L-mode (black at 2.5 s) and I-mode (red at 4.0 s) case. The development of a temperature pedestal is clearly observable, whereas the density is only subject to marginal changes. A direct comparison of the profiles is not allowed as the heating power is different.
II. WEAKLY COHERENT MODE
Experiments were carried out on the ASDEX Upgrade tokamak, which has major and minor horizontal radii of R 0 = 1.65m and a = 0.5m, respectively. The toroidal magnetic field strength was B t = −2.5 T and the plasma current was I p = 1 MA. In the upper-single null configuration the ion ∇B drift is directed away from the X-point. The basic discharge setup is shown in Fig. 1 . The heating power of the ECRH has been increased every 500 ms (Fig. 1a) . With increasing heating power, the density stays rather constant (Fig. 1b) and the confinement increases with respect to the H98 H-mode scaling (Fig. 1c) . In this case, the transition from L to I mode cannot be identified with accuracy because clear signatures are missing. However, at t = 3.18 ± 0.05 s electron temperature and pressure gradients ∇p e slightly steepen up as it can be seen by a small continuous drop in min(∇p e /n) starting at 3.18 s (Fig. 1d ) and the confinement increases slightly at constant heating power. This spontaneous confinement transition is considered as a transition to a weak I-mode. At this density, T e and T i are close to each other at the plasma edge (ρ > 0.95) as shown in Fig. 3 and one may assume (∇p e )/n ∼ (∇p i )/ne which corresponds to the simple neoclassical estimate of the radial electric field [6] . One may speculate that the confinement transition is related to changes in the radial electric field or its contributions [4] . With additional heating power at t = 3.5s, H98 increases above 0.6 and a clear I-mode develops. The ion (not shown here) and electron temperature gradients strongly increase, while the density gradient only increases slightly (Fig. 2) .
The density fluctuations shown in Figs. 4 and 5a are measured by hopping reflectometry diagnostic. Hopping reflectometer is dedicated to density fluctuation measurements. It operates in O-mode using two channels: Qband (33-49.2 GHz) and V-band (49.4-72 GHz) featuring individual single antennae located at the LFS, approximately at the tokamak midplane. The diagnostic is equipped with heterodyne detection enabling to extract phase directly. Density fluctuations in Figs. 4 and 5a were obtained for the probing frequency of 45 GHz. The cut-off density n e = 2.5 · 10 19 m −3 is located at ρ = 0.98 ± 0.01. The electron density fluctuation level of the WCM estimated using the 1D C. Fanack model [7] was found to be between 6 and 13 %. After t = 3.5 s we observe two bands in frequency space, one at low frequencies (f < 30 kHz) and one at higher frequencies (80 < f < 150 kHz). Although the mode is not as pronounced here, this behavior is very similar to the WCM observed in Alcator C-Mod [3, 4] 19 m 3 , we can conclude that on the low field side (LFS) this mode is located at ρ = 0.97 − 0.99 ± 0.01 corresponding to the minimum E r in I-modes at ASDEX Upgrade [8] and consistent with the recent observation on Alcator C-Mod [4] . The minimum of ∇(p e )/ne is located at ρ = 0.99. At all frequencies of the hopping reflectometer below 38 GHz (33, 36 and 37 GHz) and all frequencies higher 48 GHz, which were for V band between 51.5 and 64 GHz, these coherent modes were not seen. The coherent modes are also observed on the high field side (HFS) by the frequency modulated continuous wave (FMCW) reflectometer probing n e = 1.6 · 10 19 m −3 (probing frequency 36GHz). The location of those modes was not yet determined because in this discharge, the FMCW reflectometer was set up in fixed frequency mode for density fluctuation studies, therefore no simultaneous HFS/LFS density profile measurements were done. Profiles measured at the LFS by interferometer, lithium beam and Thomson scattering, could be mapped on the HFS but this is not straightforward, because previous results of reflectometry profiles observed in other I mode discharges seems to indicate that there might be an asymmetry of density profiles between LFS and HFS. The mode is not observed in K-band (probing the SOL region) and Vband channels.
III. MODULATION BY GEODESIC ACOUSTIC MODE
It can be expected that the WCM is modulated by a GAM as in Alcator C-Mod [4] . GAMs can be directly observed in velocity fluctuations measured for example by Doppler reflectometry. Furthermore GAMs show up in bispectra as they are nonlinearly driven and modulate the turbulence at the GAM frequency [9, 10] .
The intrinsic modulation of all higher frequencies by the GAM can be used for the detection of GAMs [11] . The modulation shows up in the envelope of the fluctuations. The envelope of the density fluctuations is given by Env(t) = Re(ñ(t)) 2 + Im(ñ(t)) 2 . We measure the real part directly, the imaginary part can be deduced in frequency space from the Fourier transformñ(ω) and is given by −i · sgn(ω)ñ(ω). The inverse Fourier transform of this relation is the convolution n(t) * 1/(πt) = H(n(t)) which is the Hilbert transform H by definition. Therefore the envelope is given by Env(t) = (ñ(t)) 2 + (H(ñ(t))) 2 . As reference for L-mode (I-mode), data from about 2.5 s to 2.75 s (3.75 s to 4.0 s) is compared in Fig. 5b . The envelope of density fluctuations measured by reflectometry has been estimated from fluctuations above 400 kHz. For better comparison with the density fluctuations the envelope in Fig. 5b is shown for a subwindow size of 1 ms corresponding to a frequency resolution of 1 kHz. Figures 5a ,b show the spectra of density fluctuations as well as that of the envelope of fluctuations high pass filtered above 400 kHz. In I-mode a rather broadband mode around 130 kHz is observed (the WCM). Turbulence is slightly reduced in the frequency range from 20 to 80 kHz and increased at higher frequencies (above 80 kHz). The transfer of free energy from low to high frequencies is usual for the E × B nonlinearity, which results in a direct cascade [12, 13] . However, by means of charge exchange spectroscopy the mean poloidal velocity has been measured during beam blips which is used to translate the obtained frequency spectra into the plasma frame. The wavenumber of the WCM found at k θ = 2πf /v θ ≈ 1.5 cm −1 is similar to the Alcator C-Mod results [4] . However, it should be noted that the Doppler data is taken at k ⊥ ∼ 10 cm −1 and the WCM is not that narrow in wavenumber space. As seen in Fig. 5d the turbulence level in the I-mode is reduced and the increase in fluctuation level at high frequency Fig. 5a is due to the increased Doppler shift due to the increased rotation in the I-mode and not due to an increase of energy transfer from low to high frequencies by the GAM. The envelope at low frequencies around 8 kHz is about 2 orders of magnitude larger in I-mode pointing to a strong modulation of the turbulence at the GAM frequency. Compared to c s /R 0 this frequency seems rather low, however as we will see in the following section this frequency agrees well with the theoretical prediction of the GAM frequency.
A study of the free energy transfer as done in Ref. [4] would require to estimate the E × B nonlinearity Re(ñ
) with magnetic field directionb and therefore the cross-bicoherence between density and potential fluctuations. Density fluctuations n can be deduced from reflectometry. Potential fluctuation measurements are not available at ASDEX Upgrade. But with Doppler reflectometry poloidal velocities can be measured. Velocity fluctuations are approximated by the center of gravity of the Doppler shift given by
with the power spectrum S(f ) of the Doppler reflectometer heterodyne signal. The center of gravity is calculated for subwindows of 1 µs length corresponding to 25 points (25 MHz acquisition). The amplitude of the Doppler reflectometer heterodyne signal is proportional to density fluctuationsñ. Also the amplitude of the reflectometer heterodyne signal is averaged over 1 µs. It should be pointed out that the center of gravity is measured in absolute units (Hz) which in general are not equal to the Doppler shift, so that no statement on the absolute value of the velocity fluctuations can be made.
To investigate the nonlinear coupling between WCM and GAM, the cross-bicoherence can be estimated from the density fluctuationsñ and the center of gravityc gr
This cross-bicoherence gives the degree of phase locking between the three different modesñ(f 1 ),c gr (f 2 ) and n(f 1 + f 2 ) and takes values between zero and one. Phase locking is a necessary condition for nonlinear coupling. A coupling of the GAM with the WCM as expected from recent Alcator C-Mod experiments [4] should be observed in the cross-bicoherence if such coupling exists. The bispectral analysis is done for a subwindow size of 500 µs, resulting in 90 ensembles and a frequency resolution of 2 kHz. The corresponding significance level is 0.011.
L-mode (I-mode) data is taken from 2.4 s to 2.8 s (3.7 s to 4.1 s) and the bispectra are shown in Figs. 6a and 6b , respectively. In the L-mode no pronounced modes can be found. In I-mode a coupling of the center of gravity proportional to velocity fluctuations at low frequency (∼ 10 kHz) with the broadband turbulence (> 200 kHz) is observed. A pronounced coupling of these fluctuations at 10 kHz with the WCM (70 -140 kHz) is found. The cross-bicoherence at 0.14 strongly exceeds the significance level. The WCM itself also is nonlinear coupled to other frequencies. The velocity fluctuations of the WCM are coupled to low frequency density fluctuations (f 1 < 20 kHz) and to fluctuations near the WCM frequency. Additionally coupling of velocity fluctuations at the WCM frequencies with higher frequencies in the density fluctuations are observed (f 1 > 200 kHz for f 2 = +f W CM and f 1 > 300 kHz for f 2 = −f W CM ). This might indicate that the bursts observed in the Doppler reflectometry [14] in the density fluctuations are nonlinearly generated by the WCM.
Also not shown here, the bispectra inferred from the envelope analysis from the FMCW reflectometer show the nonlinear coupling of the GAM with the WCM. Compared against each other the bispectra deduced from the Doppler reflectometer show more details. However, if no Doppler reflectometer is available the method proposed by Nagashima et al. [11] can be applied to conventional reflectometer data and can turn out useful for the analysis of quasi-coherent modes in general. Quasi-coherent modes show a high degree of phase locking, which is studied by bispectral analysis and a necessary condition for nonlinear coupling [13] .
IV. GEODESIC ALFVÉNIC MODE
Very similar features as in the density fluctuations can be also observed in the magnetics as shown by Figs. 5c and 7. Also the low frequency fluctuations at 8 kHz are observed once the I-mode is accessed from t = 3.2 s on (Fig. 7) . As a high frequency zonal flow the GAM could potentially lead to the spontaneous confinement transition at t = 3.2 s and the drop in the diamagnetic contribution of the radial electric field (∇p i )/ne. This has also been speculated in Ref. [4] . Note that magnetic fluctuations at the frequency of the WCM (130 kHz) can be detected well before the L-I transition. This is in contrast to the observations in Alcator C-Mod, where the frequency of the magnetic fluctuations follow the frequency of the WCM which increases during the beginning of the I-mode [2] . Therefore the magnetic fluctuations investigated in detail in the following are probably not related to the WCM even though they appear at a similar frequency.
The GAM is the oscillation between the zonal flow and its pressure sideband. These pressure sidebands are not only coupled to the turbulence but also to the global Alfvénic oscillation [15] . If the high frequency magnetic oscillations at the WCM frequency are related to Alfvénic modes they should scale with ∼ 1/ √ n. This scaling can be investigated in a discharge with a steady I-mode phase where the density is varying smoothly over time. on shorter time scales, or in shorter I-mode phases. Alfvénic eigenmodes with n = 0 are called beta induced Alfvénic eigenmodes, those with n = 0 are called geodesic Alfvénic eigenmodes here but are sometimes also termed global Alfvénic eigenmodes. The branch with (n = 0, m = 0) corresponds to the GAM. The branch with (n = 0, m = 1) is referred here as geodesic Alfvénic mode. The gyrokinetic eigenvalue solver LIGKA is used to determine the kinetic continuum branches for (n = 0, m = 0) and (n = 0, m = 1). The equations solved by LIGKA are the quasi-neutrality equation (QN) and the gyrokinetic moment equation (GKM) that together with the gyrokinetic equation for the particle distribution functions form a consistent model for electromagnetic perturbations in tokamak geometry [16, 17] . It can be shown [18] that the implemented equations have the following general dispersion relation as analytical limit [19] [20] [21] :
where
stands for the parallel wave vector including the toroidal coupling up to first order in ǫ, e.g.
The definitions for the polynomials H, N, D including the complex plasma dispersion function can be found e.g. in the references [18, 19] . The upper index m in N m (x m−1 ) refers to the poloidal mode number m to be used in ω * m = Ti eB k m,θ ∇n n . For the geodesic acoustic mode, taking into account the m = ±1 sidebands, the following dispersion relation can be dervied form the one above for large safety factor q [22, 23] :
with ω t,i = v th,i /qR 0 . For the m = 1 branch, the main contribution comes from the k = −1/qR term on the left hand side of equation (3). The coefficients for the dispersion relation are calculated numerically, based on realistic particle orbits as calculated with the HAGIS code [24] . A Nyquist-contour solver is employed to find the local solutions in the complex plane. Realistic geometry and experimental profiles are used for this analysis. The corresponding spectrum is shown in Fig. 9 . At the position where the WCM (f ∼ 130 kHz) and the GAM-like mode (f ∼ 8 kHz) is observed in the density fluctuations (ρ ∼ 0.98) the (n = 0, m = 1) branch is found at f ∼ 140 kHz and the GAM branch (n = 0, m = 0) is found close to f ∼ 10 kHz, respectively. Coherent modes are expected slightly below in frequency under the branches since the continuum damping is rather small there. Motivated by the LIGKA results the mode characteristic has been investigated in detail by calculating the cross-power spectrum of toroidally and poloidally displaced Mirnov coils similar as done in Ref. [25] . The cross-phases δψ and δθ divided by the toroidal ∆ψ = 0.78 and poloidal angular distances ∆θ = 0.17, respectively, gives the corresponding mode numbers n = δψ/∆ψ and m = δθ/∆θ. The cross coherence and mode number are shown in Fig. 10 . The WCM can be identified as an n = 0, m = 1 mode. For a coherent mode an increased coherency of the coherent mode in respect to the surrounding frequencies can be expected. This is clearly visible for the toroidal correlation (Fig. 10a) . The absence of increased coherency in poloidal direction (Fig. 10b) does not support a coherent mode at the WCM frequency in the magnetic fluctuations.
The mode number of the low-frequency mode is more difficult to estimate, its toroidal mode number is between 0 ≤ n ≤ 1 the poloidal mode number is around −1 ≤ m ≤ 1. The estimate of the poloidal mode number as done here can be regarded as very rough as the local field line inclination is not taken into account. To obtain a global picture of the modes also the cross-correlation between different poloidally displaced Mirnov coils on a poloidal cross-section has been calculated. As shown in Fig. 11 , the 10 kHz mode exhibits a clear m = 0 mode structure and the mode close to the WCM-frequency corresponds to a m = 1.
Whether the observed m = 0 mode characteristic of the low frequency mode at 10 kHz is characteristic for a GAM is disputable. The GAM itself is electrostatic. But, it is theoretically expected that the GAM generates a halo of magnetic fluctuations with mode numbers of m = ±2 just outside the magnetic flux surface of the GAM [26] . This halo has been recently observed in TCV [27] . In this experiment (Fig. 10 ) the low frequency mode exhibits such a halo, though the poloidal mode numbers are m = ±1. On the other hand, the observed (n = 0, m = 0) structure constitutes a zonal magnetic field, which has been predicted to be excited at the GAM frequency for finite β turbulence [28] . Here, further systematic studies of the magnetic signature of GAMs in ASDEX Upgrade are needed also in the usual favorable configuration to evaluate if the here observed signature is related to the I-mode configuration in particular. We would expect a Pfirsch-Schlüter-like disturbance of the parallel current and therefore an in-out asymmetry in the fluctuations. The observed perturbation exhibits a strong up-down asymmetry compared to the rather small in-out asymmetry. This is caused in part by the choice of the reference position. In the lower and upper-single null configurations the magnetic configuration exhibits an up-down asymmetry which may lead to an up-down asymmetry in the poloidal magnetic field fluctuations. A detailed study of this asymmetry is left for future studies. (ii) The WCM is modulated by the GAM found by Doppler reflectometry and envelope analysis of conventional reflectometry as recently observed in Alcator CMod. In addition (iii) at both frequencies, those of the WCM and the GAM, magnetic fluctuations are present. A local spectral analysis done with the LIGKA code shows that the modes belong to the geodesic Alfvénic branch. The low frequency oscillation in the envelope of the density fluctuations appear at the GAM frequency. The magnetic perturbations at the WCM frequency appear at the geodesic Alfvénic mode frequency. A more detailed analysis of the magnetic fluctuations shows the characteristic toroidal and poloidal mode numbers of the geodesic Alfvénic mode of zero and one, respectively.
The geodesic Alfvénic mode is already present in the L-mode and does not follow variations in frequency of the WCM. Although the WCM and the geodesic Alfvénic mode have to be treated as separated modes their occurrence at a similar frequency let suggest possible interaction or hampering among those modes. A more detailed investigation of the magnetic signatures of the WCM in Alcator C-Mod would be beneficial to proceed in understanding.
The additional occurrence of the geodesic Alfvénic mode in the I-mode in ASDEX Upgrade may reflect some general difference between Alcator C-Mod and ASDEX Upgrade. In the L-mode in most magnetically confined fusion experiments GAMs are regulary observed whereas in Alcator C-Mod up to now only in the I-mode GAMs have been observed [4] . Two conclusions can be deduced, first geodesic effects are stronger in I-mode compared to L-mode, which is also confirmed by the present study, second goedesic effects are rather weak for Alcator CMod compared to other devices. For ASDEX Upgrade the contrary seems likely. Where most devices observe low frequency zonal flows during the transition from L to H-mode [29] [30] [31] [32] [33] [34] [35] in ASDEX Upgrade GAMs exhibit this role [36] . As Alcator C-Mod usually operates at higher densities and lower temperature the difference may result from stronger collisional damping. Due to the lower temperature in Alcator C-mod also stronger Landau damping provides a possible explanation. However, Landau damping is unlikely to affect the GAM activity in Alcator C-Mod, as their observations are restricted to the edge region with very high safety factor.
